A versatile, high-intensity, negative ion source has been designed and is now under construction which can be operated in either the cesium-sputter or plasma-sputter mode. The cesium-sputter mode can be effected by installation of a newly designed conical-geometry cesium-surface ionizer; for operation in the plasma-sputter mode, the surface ionizer is removed and either a hot-filament or RF antenna plasma-discharge igniter is installed. A multicusp magnetic field is specifically provided confining the plasma in the radial direction when the plasma-sputter mode is selected. This arrangement allows comparison of the two modes of operation. Brief descriptions of the design features, ion optics, and anticipated performances of the two source geometries will be presented in this report.
INTRODUCTION
As has been the case historically, ion source development continues to be driven by the needs of the basic and applied research communities and in more recent years, by the needs of the industrial communities for sources with improved performance attributes, including operational reliability, lifetime, beam quality (emittance), and intensity for an ever-increasing number of applications. To a large extent, the rapid advancement of negative ion source technology is attributable to the discovery of the technique of enhancing secondaty negative ion sputter yields by covering the sample surface containing the material of interest with less than a monolayer of group IA elements [I] .
A number of negative ion sources based on the sputter principle have been developed, several of which are described in the review paper of Ref.
2. All sources based on the sputter principle use group IA adsorbates (usually cesium) to enhance the probability for negative ion formation. The sputter technique has been used as a practical means for the generation of negative ion beams for a number of years. In such sources, positive ion beams, usually formed by either direct surface ionization of a group IA element or in a heavy noble gas (Ar, Kr, or Xe) plasma discharge seeded with alkali metal vapor, are accelerated to energies between a few hundred eV and several keV where they sputter a sample containing the element of interest. The presence of a fractional layer of a highly electropositive adsorbate, such as cesium, on the surface is critically important for the enhancement of negative ion yields during the sputtering process. A fraction of the sputter ejected particles leave the adsorbate covered surface as negative ions and are accelerated through an extraction aperture in the source. Sources based on this principle are widely employed to provide a variety of atomic and molecular negative ion beams for use in a growing number of applications, such as accelerator-based atomic, nuclear, and applied research, ion implantation, isotope separation, and the important analytical fields of secondary ion mass spectrometry (SIMS) and tandem mass spectrometry (TMS).
in this report, we describe a versatile negative ion source that can be operated either in the cesium-sputter or plasma-sputter modes. The cesium-sputter version uses a newly designed conical-geometry cesium-surface ionizer to form the cesium ion beam which is used to sputter the sample, while the plasma-sputter version extracts xenon and cesium ions from a plasma to uniformly sputter a spherical sector sample. Each of these source types will serve as a prototype for evaluation for potential use in generating radioactive ion beams (RIBS) at the Holifield Radioaction Ion Beam Facility (HRIBF) now under construction at the Oak Ridge National Laboratory (31; details of the sources which will be evaluated "on-line" at the HRIBF are given in these proceedings [4]. The design features, positive and negative ion optics, and anticipated performances of these two source types are described in this report.
NEGATIVE ION BEAM GENERATION
The ion beam intensity capabilities of sputter-type negative ion sources depend on many factors, including the electron affinity EA of the species of interest, the work function of the metal surface $, the cesium sputter ratio S of the sample material , the positive ion beam intensity I+, and the positive/negative ion optics of the particular electrode system. The work function of the surface @, in turn, depends on the type and , / -cos 0 E q is the component of the velocity of the escaping particle perpendicular to the metal surface. The mechanism for ion formation based on this theory is a velocity-dependent form of surface ionization.
MECHANICAL DESIGN FEATURES
Aside from the components necessary to effect positive ionization of the cesium vapor and details of the sputter sample assembly, the cesium-sputter and plasma-sputter sources are identical in all other respects. However, because separate discussions will be made of each source, certain details of the commonly shared construction features will be repeated in this report. The cesium-sputter and plasmasputter negative ion sources are displayed, respectively, in Figs. 1 and 2. The sources share a common vacuum housing, cesium oven, hig h-voltage insulators, and extraction electrode system and are, therefore, identical in principle to the sources described in Ref. 6, with the exception of the type of ionizer heater when the cesium-sputter mode of operation is selected; conversion from the cesium-sputter mode to the plasma-sputter mode can be accomplished in a few minutes. The source assembly is composed of four major independent assemblies: (1) the sputter probe vacuum airlock assembly; (2) the source unit itself to which is attached the sputter probe vacuum assembly, the cesium access and gas feed assemblies, ionizer heater assembly (cesium-sputter mode) or either coaxial LaB6 cathode or RF antenna assemblies for plasma ignition (plasmasputter mode); (3) a freon-or water-cooled, stainless-steel vacuum chamber onto which is attached the NdFeB magnets for radial direction plasma confinement, and (4) a ceramic-to-metal-bonded alumina (AIzO3) high-voltage insulator to which is attached the extraction electrode system. The sources are constructed primarily of stainless steel and use metal-to-ceramic bonded high-voltage insulators and low-voltage feedthroughs.
Boron nitride insulators are used in positions where vapor or sputter deposits could lead to insulator degradation. Design emphasis has been placed on the ability to rapidly change the source itself and all degradable components. The cesium oven is mounted externally, permitting easy access for servicing while providing excellent thermal isolation between the ionization chamber and the oven itself. The main source subassembly is modular and can be quickly inserted or removed from the freon-cooled housing assembly by thumb screws in a matter of a few minutes during periods of required maintenance. An important design feature allows removal and replacement of the internally mounted boron-nitride insulator without major disassembly of the source.
Thus, insulators which have been contaminated during prolonged source operation can be quickly replaced without significant down time.
The ionization chamber houses the ion exit aperture (typically 3 mm in diameter), the ionizer heater and heater mount (cesium-sputter mode) or LaB6 cathode or RF antenna (plasma-sputter mode), and the boron-nitride insulator which can be interchanged while the source is under argon.. The probe assembly consists of a stainless steel tube with diameters @ = 10 mm for the cesium-sputter and @ = 13 mm for the plasma-sputter negative ion source, to which is attached the sample of interest. The sample diameter for the plasma-sputter mode of operation can be scaled to a maximum diameter of 20 mm according to the intensity requirements of the user. The samples are cooled by continuous freon or water flow through concentric tube arrangements. The sputter samples can be inserted into and withdrawn from the source through the airlock valve which is sealed against atmospheric pressure by a conventional elastomer gasket. The vacuum intetiock assembly is attached to an externally mounted ceramic-to-metal insulator which, in turn, is fastened to the back flange of the source. The insulator is used to isolate the probe-vacuum airlock assembly from the source body. The gas feed nozzle and oven nozzle assemblies are attached to the back flange by metal-to-metal vacuum flanges and are spring loaded against the plasma discharge chamber by convoluted, hig h-spring-tension bellows. The nozzle-to-plasma-discharge chamber interfaces are designed to prevent support gas or cesium leakage at the interface. The vacuum chamber is made of stainless steal and is freon or water cooled. The chamber is inserted within the high-voltage insulator. Small permanent magnets are used at the ion exit aperture to deflect electrons which are also generated and accelerated from the sample during the sputter process.
For the plasma-sputter mode of operation, two geometries of sputter samples will be used. In cases where malleable sheet-metal material containing the species of interest is readily available, samples -1 mm in thickness will be pressed by means of a die fixture into a 13-mmdiameter spherical sector probe with radius of curvature p = 30 mm for focusing the negative ion beam generated in the sputtering process through the exit aperture of the source. Samples which are brittle must be machined from solid materials. Composite sintered compounds or mixtures of compounds will be typically 3 mm in thickness with a spherical radius of 30 mm machined into the face of the material. These samples will be indirectly cooled by clamping the sample to a spherical or flat geometry copper heat sink appropriately contoured to the respective sample geometry. The sputter probe assembly will be cooled by a freon heat-exchange unit maintained at 15°C.
The vacuum chamber is equipped with freon or water coolant passages to protect the NdFeB plasma discharge confinement magnets from thermal degradation by the radiant power incident on the walls of the chamber arising from the plasma discharge. Plasma confinement is effected by the use of sixteen rows of NdFeB permanent magnets, equally spaced circumferentially around the diameter of the cylindrical plasma chamber.
The polarities of the multicusp magnets alternate in sign to produce the well known multicusp magnetic field which is effective in confining the plasma in the radial direction.
These magnets will not be removed whenever the source is operated in the cesiumsputter mode. The ion exit aperture is equipped with a set of dipole AlNiCo magnets to inhibit electron extraction from the source and thereby reducs loading to the extraction power supply. The source is attached to the vacuum chamber by means of thumb screws for ease in removal and installation for cleaning and other maintenance operations. The plasma-sputter source will use a RF antenna or a directly heated coaxial-geometry LaB6 cathode to initiate and sustain the plasma discharge. 
THE CESIUM-SPUTTER NEGATIVE ION SOURCE
In cesium-sputter-type sources, the sample material is mounted on a negatively biased probe which is maintained at a potential difference with respect to the housing of 1-5 kV in a controlled flux of a neutral group IA element, usually cesium. In this source type, sputtering of the negatively biased sample material is effected by bombardment with positive cesium ions formed by direct-surface ionization of cesium which come in contact with a hot, high-work-function ionizer.
A number of cesium-sputter negative ion sources have been described in the literature (see, e.g., Refs. 2 and 6 for details of several cesium-sputter negative-ion sources).
The sources differ only in the geometry of the ionizer, its spacing in relation to the negatively biased sample, the spacing of the sample in relation to the ion exit aperture, and the aperture size. Sources equipped with spherical-[13], ellipsoidal-[14], and cylindrical-geometry ionizers [15,16] have been developed at several laboratories. We describe the mechanical design features and ion optics of a source, quite similar to those described in Refs. 2 and 6, with the exception that the geometry of the cesium ionizer is conical. The cesium-sputter source is displayed in Fig. 1 .
4.1
The Perveance of the Conical-Surface-lonizer/Sputter Sample Electrode
Configuration
The positive ion currents achievable in sources which use direct surface ionization for positive ion formation, such as the cesium-sputter negative ion source described below,
can attain values up to the space charge limit of the particular electrode configuration.
For such sources, the perveance K of the electrode configuration can be measured or computationally determined by solving Poisson's equation. The perveance K is defined by the following relationship between the positive ion current I+ and the potential difference V between the sample and surface ionizer or plasma:
The perveance is a function of the geometry of the electrode system or plasmakputter probe interface and mass M of the bombarding ion species. Since we assume that the negative ion current increases in proportion to the positive ion current, the perveance K serves as a convenient measure for comparing ion sources. The perveances of several electrode configurations used in cesium-sputter negative ion sources are given in Ref. 6 . Of course, the perveance in a plasma-sputter negative ion source depends on the plasma density, mass of the plasma species, and sputter sample potential relation to housing.
4.2
Ion Optics of the Cesium-Sputter Negative Ion Source w. The geometrical configuration of the positive and negative ion generation regions of the source are readily amenable to simulation by solving Poisson's equation numerically for the chosen electrode system. The electron trajectory computer code, described in Ref. 17, was used to determine the perveance of the electrode system and to calculate cesium ion trajectories in the presence of space charge through the electrode system. A conical-geometry ionizer with a 90° included angle was evaluated at a fixed axial location electrode configuration and then optimized by altering the position in a series of iterations until acceptable beam profiles were achieved for both the positive and negative ion beams. An example of positive cesium ion trajectories through the ionizer/sputter probe region of the source under spacecharge-limited conditions is shown in Fig. 3 ; the perveance for the electrode system displayed in Fig. 3 was found to be K = 4.3 x 10-9 [AN3/23. The computed ion current density resulting from positive ion impact at the sample surface is shown in Fig. 4 . As noted, the positive ion current is distributed over a full diameter of -6 mm. This feature is desirable for potential use for generating radioactive ion beams where good overlap between the condensed vapors and cesium ion beam is required; details of this particular application are discussed in Ref. 4 of these proceedings.
-.
An example of the negative ion trajectories flowing counter-current to the positive ion beam through the electrode system is shown in Fig. 5 . The negative ion beam current density at the sample surface is assumed to mimic that of the positive ion current density distribution shown in Fig. 4 . The influence of the positive-ion beam space charge on the negative-ion beam is included in the simulations. The optics of this electrode system are favorable for conserving cesium because the aperture can be restricted appreciably over many other sources of this type.
THE PLASMA-SPUTTER NEGATIVE ION SOURCE
The original plasma-sputter negative ion source developments, described in Refs. The plasma-sputter negative ion source, shown in Fig. 2 , will operate in the dc mode and is expected to be capable of producing mA intensity levels of many species, including the chemically inert noble metals, such as Au-, Pt-, and lr, which are difficult to generate in positive ion sources. The plasma will be ignited and sustained by use of a 1 kW RF power supply equipped with a pulsed-plasma igniter and automatic matching network. The ion beam intensities from the source are expected to be 66% of those observed from the source described in Ref. 24 ; as a consequence of the reduced sputter cathode diameter, the emittance will be lower, as well, (E" z 5 x m m. m rad. MeV1/*).
ION OPTICAL STUDIES
The advantage of the plasma-type sputter negative ion source lies in the fact that, when operated in a high-density plasma mode, the negatively biased sputter probe containing the material of interest is uniformly sputtered. This characteristic makes it possible to take advantage of the large area, spherical-geometry lens system which is formed between the spherical sector sputter probe and the plasma sheath which conforms to the geometry of the probe. Negative ions created in the sputter process are accelerated and focused through the plasma to a common focal point, usually chosen as the ion exit aperture of the source, and then pass into the field region of the extraction electrode system. Within the plasma, the ion beam is free of space charge effects. At high beam intensities, space charge effects come into play whenever the beam exits the plasma and enters the extraction region of the source. However, because the beam energy is 500-1 000 eV upon exit from the plasma region of the source, space charge influences on the beam are reduced. After exiting the aperture, the beam is further accelerated to a final energy of 20 keV, typically. 
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